This paper shows the results obtained from several pump tests of two wells drilled 13.2 meters apart, in the Agrarian Sciences Department of the University of Taubaté farm, located in the Una river hydrographic basin, Taubaté municipality, State of São Paulo, Brazil. During well drilling some difficulties were encountered due to the presence of sandy grains without inter-granular cementation of the Tremembé Formation sandstones, Taubaté Group. The detailed description of the geologic profile obtained by sampling the perforated sedimentary layers shows the presence of persistent sandstone and conglomerate sequences, intercalated by layers of shale and claystone with limestone nodules. In order to determine the hydrodynamic parameters of the Tremembé aquifer, several pump tests were conducted during well perforation and the unconfined, leaky, water-table, and confined aquifer layers were sampled. Once the boreholes were completed, tests were conducted to determine maximum discharge rate, interference between wells and artificial recharge potential. In addition to establishing appropriated methodologies for the determination of aquifer hydrodynamics, this paper describes techniques for interpreting the effects of artificial recharge and interference between wells, and demonstrated the application of image well theory complemented with a new theory, the image well water-mirror.
INTRODUCTION
The aquifer cone of depression of a pumping well can be determined with reasonable accuracy if hydrodynamic parameters are known for a confined aquifer (transmissivity and coefficient of storage) as well as the pumping rate (Driscoll, 1989) . The depression (or drawdown) cone shape is a function of s x r, where s is the depression observed at an r distance from the well due to a Q pumping rate maintained during a t period measured from the beginning of well pumping. Usually the depression cone has transitory characteristics since several factors associated with groundwater flow and pumping activities change with time. The influence radius (or the interference area of the depression cone) is related to the distance that the depression cone could reach away from the well. This influence can be determined when some hydrodynamic parameters of the aquifer are known (Minnesota, 1991) .
A method for calculating the percentage of the total pumping rate of two wells (built within the influence radius of each other) comes from groundwater flow distributed within the intersection of the influence circumference of both wells or from areas located outside of the region of intersection but within each well's influence area.
The confined aquifer transmissivity and coefficient of storage hydraulic parameters are aquifer characteristics that do not change during either extracting groundwater through pumping or recharging an aquifer through deep well injection. Based on this premise and applying the image well theory (on a horizontal mirror plane) a method for estimating the recharge cone associated with an injection well is proposed and demonstrated in this research. The study proposes methods considered more appropriate than the traditional methods used for solving this type of problem, such as the one proposed by Bouwer (1978) .
The research focuses on analyzing the hydrogeological properties of the Tertiary sedimentary aquifers located in the Tremembé Formation (part of the Taubaté Group) within the Una River hydrographic basin, São Paulo State, Brazil.
The research was conducted based on the construction of two deep wells, one for the production of groundwater to supply the water demand for irrigation in the Department of Agrarian Sciences of the University of Taubaté. The other well was built to support the hydrogeologic research to allow measures of the interference between wells as well as other important observations. The main objective of this research is to develop a hydrogeologic model that explains the hydraulic properties of wells in the study area.
Study area
The study area is located in the Taubaté Municipal District (southeastern region of the State of São Paulo) and within Paraíba do Sul River Valley. The study area is distant approximately 160 km east of the city of São Paulo (Figure 1 ). Road access to Taubaté from São Paulo is provided by two highways, President Dutra and Carvalho Pinto. DINIZ, H. N.; SANTORO, J. ; BATISTA, G. T.; DIAS, N. W.; TARGA, M. dos S. Hydrogeology and hydrodynamics of Tremembé aquifer, São Paulo, Brazil. Ambi-Agua, Taubaté, v. 3, n. 1, p. 108-137, 2008 . Taubaté municipality is located within the Paraíba do Sul river valley and bordered by two mountain chains, Serra da Mantiqueira and Serra do Mar. The district's terrain in the urban and surrounding rural areas is characterized mostly by flattened hills sustained by Tertiary sediments of the Taubaté Group. In the rural areas, away from the urban center, the terrain is predominantly rugged due to the higher hills of Serra do Mar in the southwestern portion of the territory, while in the northwestern portion the hills belong to Serra da Mantiqueira. Both areas are sustained by the Complex Embu crystalline rock formation. In the central portion of the district there is the occurrence of extensive floodplains associated with Paraíba do Sul River. The extent of the district's territory is 655 km 2 . The climate is tropical with dry winter, 21°C average annual temperature, and 1,400 mm average annual precipitation.
Regional geology
Taubaté sedimentary basin is formed by layers of Cenozoic and Tertiary sediments deposited within the Paraíba do Sul tectonic block, which is characterized by Embu and Apiaí Lands of the Precambrian crystalline complex. Those crystalline basement rocks are constituted by gneiss, granites, and migmatites with bands and different migmatization grades, intercalated with schist and granites of the Brasiliano cycle (Santoro et al., 1991) . The Buquira Fault, at the north, and Alto da Fartura Fault, at the south, are the lateral boundaries of both sedimentary and crystalline rocks (Hasui and Ponçano, 1978) .
The origin of Taubaté sedimentary basin is associated with the reactivation of major E-NE faults that comprise the São Paulo strike-slip fault zone represented by Monteiro Lobato Fault (Sadowski and Carneiro, 1974) , Jaguari River Fault (Cavalcante and Kaefer, 1974) , and Buquira and Bom Retiro Faults (Carneiro et al., 1976) . Palmital, Parateí, São José, and Rio Comprido are normal faults described by Carneiro et al. (1976) . Those are dip-slip faults associated with gravitational mudslides (Coltrinari, 1992 ) that characterize recent reactivations of old strike-slip faults. DINIZ, H. N.; SANTORO, J.; BATISTA, G. T.; DIAS, N. W.; TARGA, M. dos S. Hydrogeology and hydrodynamics of Tremembé aquifer, São Paulo, Brazil. Ambi-Agua, Taubaté, v. 3, n. 1, p. 108-137, 2008 
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Taubaté sedimentary basin is part of a taphrogenic basin group, the so-called "system of Serra do Mar rifts" described by Almeida (1976) and, more recently, the "Southest Brazilian continental rift" described by Riccomini (1989) . These tectonic processes occurred during the opening of the South Atlantic Plate that formed asymmetrical grabens with dumper to SE or NW filled with Tertiary sediments. It has an elongated format approximately 170 km long and 10 km to 20 km wide.
The thickness of the sediments varies reaching a maximum of 850m in the Roseira subbasin, near Serra da Mantiqueira mountains Melo et al., 1986) . Sedimentation occurred simultaneously with tectonics (Souza, 2004) producing typical gravel deposits originated from debris-flow processes in active folded edges of the basin. Sandstone and conglomerate deposits located in the central part of the basin are connected to alluvial and lacustrine systems.
For this research Hasui and Ponçano's (1978) stratigraphic column is the basis for describing both Tremembé and Caçapava Formations of the Taubaté Group. The names were initially proposed because of existing river channels and alluvial Tertiary plain deposits located in São José dos Campos and Caçapava municipality areas.
Hydrogeology of the Paraíba do Sul river basin in the State of São Paulo
In the Paraíba do Sul River Water Resource Management Unit, or "Unidade 2 de Gerenciamento de Recursos Hídricos" (UGRHI-2), there are two main aquifer systems: sedimentary (Cenozoic) and crystalline (Precambrian). The sedimentary terrains are responsible for the formation of the best aquifers of the region. The terrains are anysotropic and the aquifer characteristics vary according to the sedimentary formation lithology.
Franco Filho and Souza (1994) differentiated two units in the Taubaté sedimentary basin: 1) the Tremembé Formation at the base and 2) the Caçapava Formation at the top. Tremembé Formation consists of shale with lens of gray greenish pyrobetuminous argillites formed in a lacustrine environment and centimeter to decimeter sandstones, siltstones, and breccia inserts. Caçapava Formation consists of sandstones and siltstones originated in a fluvial environment with gray, yellow, and red pelite inserts.
Paraíba do Sul is an effluent river since groundwater flow discharges are responsible for supplying much of its water. Due to the increasing water demand for domestic and industrial uses, mainly in Jacareí, São José dos Campos, and Lorena municipalities, there are several pump wells with strong groundwater withdrawal that may be causing changes in groundwater flow patterns, such as induced aquifer recharge by wells drawdown, as observed by the Department of Water and Electric Energy studies (São Paulo, 1977a; São Paulo, 1977b) . In several locations Paraíba do Sul river has become an influential river due to its recharging effect over the exploited aquifers.
According to São Paulo (1977a) , most of the region is characterized by phreatic aquifers that show leaky conditions. Just in restricted areas there are confined aquifers that characterize artesian conditions.
Paraíba do Sul Taubaté sedimentary aquifer system
The groundwater flow model currently accepted for the Paraíba do Sul sedimentary aquifer system (Consórcio ICFKaiser-Logos, 1999) shows that the recharge associated with natural precipitation occurs throughout the basin area due to its permeable characteristics (Figure 2 ). These recharge areas are drained by the groundwater flow after the infiltrating rainwater reaches the phreatic aquifer. Hydrogeologic characteristics of the aquifers are closely related to the depositional environments. Based on this knowledge, two units with DINIZ, H. N.; SANTORO, J.; BATISTA, G. T.; DIAS, N. W.; TARGA, M. dos S. Hydrogeology and hydrodynamics of Tremembé aquifer, São Paulo, Brazil. Ambi-Agua, Taubaté, v. 3, n. 1, p. 108-137, 2008 
MATERIAL AND METHODS
Two tubular deep wells were constructed using rotary drill in the Department of Agrarian Sciences, University of Taubaté, in cooperation with the Geological Institute, State of São Paulo Secretariat of the Environment. These wells were built with the objective of providing an analytical mechanism to describe the hydrogeologic behavior of the Tremembé Formation hydraulic sedimentary aquifer. And, at the same time, providing drilled sediment samples for characterizing the stratigraphy, palinology, paleontology, and mineralogy of the Tremembé Formation.
In order to determine the hydrodynamic parameters of Tremembé aquifer several pump tests were conducted during well perforation. Once completed, tests were conducted to determine maximum discharge rate, interference between wells, and artificial recharge potential.
The first drilled well, called Extracting/Injection well, has being used to irrigate crops planted in approximately 2 hectare test fields that belong to the Department of Agrarian Science. This well also has equipment associated to it that could allow the artificial recharge of the Tremembé aquifer. This well was tested (with pump tests) when the drilling was in the depths of 48 m, 66 m, and 115 m.
The Extracting/Injection well was built at 19.5 m of a food factory building that belong to the Department of Agrarian Sciences, and 3 m below the building's floor quota (Figure 3 ).
The data obtained with the pump tests indicate that the aquifer has the following characteristics (in sequence): unconfined, leaky, water-table, and confined. The first saturated sedimentary sequence was an unconfined aquifer (between 9 m and 16 m), followed by a DINIZ, H. N.; SANTORO, J.; BATISTA, G. T.; DIAS, N. W.; TARGA, M. dos S. Hydrogeology and hydrodynamics of Tremembé aquifer, São Paulo, Brazil. Ambi-Agua, Taubaté, v. 3, n. 1, p. 108-137, 2008 The second well, called Auxiliary well, was drilled 13.2 m away from the first well. Pump tests were conducted in this well when drilling was at 49 m and 91.7 m deep. This borehole was used as observation well to measure the water levels during Production/Injection well pump tests, for the analysis of interference between wells, and for water injection during artificial recharge tests. This well enabled an important assessment of sedimentary aquifer hydrodinamic parameters.
For the interpretation of hydrodinamics aquifer parameters the following aquifer models were used: Theis (1935) for confined aquifer, Hantush (1956) for leaky aquifer, and Neuman (1972) for water-table aquifer. Models were selected according to the data obtained during drawdown × time pump tests at different depths during drilling.
Theory of the image well and image well water-mirror
The pumping well cone of depression, of a well constructed in a negative barrier neighborhood, is controlled by the effect known as well image (Fitts, 2002; Custodio and Llamas, 1983; Walton, 1970) . The resulting cone of depression is equal to the individual sum DINIZ, H. N.; SANTORO, J.; BATISTA, G. T.; DIAS, N. W.; TARGA, M. dos S. Hydrogeology and hydrodynamics of Tremembé aquifer, São Paulo, Brazil. Ambi-Agua, Taubaté, v. 3, n. 1, p. 108-137, 2008. (doi:10.4136/ambi-agua.46) 114 of well effects (real well) and the well image pumping (image well). The image well is an imaginary well equidistant from the real well from which the image obtained from a vertical mirror located at the intersection between the depression cone and the negative barrier axes is compared with the real well (Figure 4) . Figure 4 . Schematic representation of a image well controlled by a negative barrier effect (modified from Custodio and Llamas, 1983 ).
In the case of a positive barrier (e.g. formed by the recharge from a river within the area affected by a well cone of depression), according to the theory of well image, the river can be replaced by a recharging well symmetrical to the real well located at the river edge and with an equal inflow (Custodio and Llamas, 1983) . The drawdown observed at each point is the algebraic sum of drawdown and recoveries caused by each well (real and image), as represented in Figure 5 .
The image well theory is useful for the interpretation of drawdown data of well boundary conditions by its comparison to the optical reflection.
In both cases, cone of depression effects due to negative barriers or recharge boundary, results are fictitious since they are simulated through image wells obtained by an imaginary vertical plane mirror. The well image effect is a geometric condition which practical implementation was effectively demonstrated by many implementations of pumping well drawdown solutions.
Another condition imposed to the interpretation of well drawdown is the horizontal boundary influence. Two scenarios can exemplify this influence: when a negative barrier is formed by the horizontal surface of the water table in a phreatic aquifer and the need to determine what is the effect when the pump well is stopped (beginning of the recovery); and when it is necessary to determine the effect of a horizontal recharge boundary formed by the same water table in a recharge well. DINIZ, H. N.; SANTORO, J.; BATISTA, G. T.; DIAS, N. W.; TARGA, M. dos S. Hydrogeology and hydrodynamics of Tremembé aquifer, São Paulo, Brazil. Ambi-Agua, Taubaté, v. 3, n. 1, p. 108-137, 2008 . 
115
In the first scenario, the effect of a negative barrier formed by the horizontal water table of a phreatic aquifer and the effect when the pump well stops can be determined by the resulting effect (cone of ascension) similar to the well cone of depression but inverted by a horizontal mirror. In the second scenario, when the boundaries are in the touchline and when the boundary is horizontal (top of aquifer) the image well theory is also valid. Therefore, when the pumping stops the cone of ascension will be symmetrical to the cone of depression but with an inverted image (negative barrier) produced by a well water-mirror. It is symmetrical to the cone of depression but inverted. Thus, the recharge rate is equal to the discharge rate with changed signal (Figure 6 ). When water injection occurs in a recharge well (phreatic aquifer) the water table effect is a positive barrier to the cone of ascension. The resulting effect is a cone symmetrical to the cone of depression for an equal discharge rate, but with opposite sign, reflected in a watermirror (horizontal plane mirror), as represented in Figure 7 .
The image well water-mirror (horizontal mirror) theory has two important applications: 1) In the analysis of pump tests results -recovery × time data (real cone of ascension) will be similar to the drawdown × time data (virtual well -image well water-mirror), thus all methods used in the analysis of well hydraulics are applicable, such as Theis (1935) for confined aquifers, Hantush (1956) for leaky aquifers, and Neuman (1972) for water table aquifers with delayed drainage. In this scenario the situation is analogous to the descriptive geometry theory of projection planes for a line-of-sight.
2) In the analysis of well hydraulics -usually this analysis when applied to pump tests uses models that consider the discharge rate constant. In reality this rarely happens because during well pumping water level lowering occurs and, consequently, the hydraulic potential varies affecting the efficiency of the extraction equipment so that the discharge rate decreases over time. This effect, DINIZ, H. N.; SANTORO, J.; BATISTA, G. T.; DIAS, N. W.; TARGA, M. dos S. Hydrogeology and hydrodynamics of Tremembé aquifer, São Paulo, Brazil. Ambi-Agua, Taubaté, v. 3, n. 1, p. 108-137, 2008 where Q i is the discharge rate obtained for a period equal to t i -t i-1 and t total is the total pump test time.
Well interference
For an aquifer considered infinite the well pumping discharge rate comes from a circular area whose radius (r) is known as the well radius of influence.
The well radius of influence is controlled by the aquifer hydrodynamic parameters transmissivity (T) and coefficient of storage (S), as shown in Figure 8 (Freeze and Cherry, 1979) . Another important variable is the discharge rate.
At any point within the radius of influence the drawdown is given by the following equations:
for confined aquifers (Theis, 1935) ,
for leaky aquifers (Hantush, 1956) ,
for water table aquifers (Neuman, 1972) ,
[4] In the above equations there is a consistent relationship, that is, the direct proportionality between discharge rate (Q) and transmissivity (T) for any observed drawdown.
When another well is constructed within a well's radius of influence and pumped, interference occurs between them. In this case each well's radius of influence (r 1 and r 2 ) becomes an intervenient, as represented in Figure 9 . Therefore, the effect of one well drawdown (s 1 ), produced by the discharge rate Q 1 , is added to the radius of influence of the other pumping well's drawdown (s 2 ) produced by a discharge rate Q 2 . This results in a total drawdown (s') that is equal to the sum of s 1 and s 2 .
In pumping tests performed in one well and measurements of dynamic water level made in another well, the application of Equations [2], [3] or [4] is appropriate. Especially for calculating transmissivity (T) since this is an aquifer parameter and not a well specific parameter.
When there is interference between wells, because both are pumping and they are within the radius of influence of each other, in one well there will be a drawdown (s 1 ) due to this well's pumping and the influence of the other well's drawdown (s 2 ), caused by the interference. The total well drawdown (s') is the sum of both, more than only s 1 .
An interference pump test is done by pumping two wells simultaneously from time t 0 and a discharge rate dependent on the equipment power and the dynamic head. In one of the pumping wells it could be determined the relationship s' × t for a constant discharge rate Q'. This discharge rate will be lower than the discharge rate Q obtained without the interference between wells. This is because, for the same equipment, the dynamic head would be higher due to the lowering water level caused by the influence of the other pumping well and, consequently, by the decreasing efficiency of the pumping equipment.
Values of the relationship s' × t for the discharge constant rate Q´ when plotted in a logarithmic graphic using methods proposed by Theis given by Equation [2], Hantush given by Equation [3] , or Neuman given by Equation [4] , considering the characteristic of a given aquifer, the apparent transmissivity (T') value is obtained. The value of transmissivity is apparent because the drawdown is measured under the influence of the other well interference.
As already mentioned, one relationship is consistent, that is, the direct proportionality between discharge rate and transmissivity value. From this the following can be said:
where Q and T are obtained for one well during pumping test without interference, while Q' and T' are obtained during an interference pumping test.
Thus, Q' × T = Q × T'. Where Q, T and T´ can be obtained from pump test results interpretation with or without interference, from which Q' can be determined. The discharge rate Q comes from the aquifer area located within the well radius of influence (r 1 for Well 1 in Figure 9 ). The discharge rate Q i (interference discharge rate) is equal to Q -Q', since this discharge comes from the water contained within the aquifer circular area located between one well and its interfering well. The discharge rate Q i is related to the aquifer area whose radius is equal to the distance between the wells (see Figure 9) . DINIZ, H. N.; SANTORO, J.; BATISTA, G. T.; DIAS, N. W.; TARGA, M. dos S. Hydrogeology and hydrodynamics of Tremembé aquifer, São Paulo, Brazil. Ambi-Agua, Taubaté, v. 3, n. 1, p. 108-137, 2008 
RESULTS AND DISCUSSION

Wells drilling
The Production/Injection well was built at the site of UTM coordinates E 447798 m and N 7453025 m, Zone 23, South. The well design and geological log are shown in Figure 10 .
The construction of this well had several problems, especially related to the geological characteristics of the drilled terrain. As the soil is composed predominantly by sandy material with little cohesion and high porosity it absorbed large amount of perforation fluid (water and bentonite) causing collapses as drilling progressed.
To prevent loss from borehole collapses, the drilling started with large-diameter (φ = 24") down to 5.60 m depth, then, φ = 17" down to 16 m depth. Additionally, a steel pipe with φ = 15" and thickness of 1/8" was introduced to prevent collapses. The space between the 17" diameter borehole and the external pipe surface of φ = 15" was filled with cement grout. Thus, the entire geological section where the phreatic aquifer occurs, from 7.8 m (depth of the water table) to 16 m (maximum depth of the soil) was completely isolated, preventing the mixing of phreatic and confined aquifer waters. From 16 m down to 48 m the well was drilled with 14" steel drill bit. Between 48 m and 52.5 m, the well was drilled with a 10" drill bit. After this depth down to 115 m, an 8" drill bit was used. Borehole collapse and fragments fall occurred between 87 m and 115 m. Thus, the well was protected with 8" and 6" PVC pipes and mechanic filtering tubes down to 87.1 m depth. Between 87.1 m and 115 m depth, fragment falls filled the borehole.
An Auxiliary well was built 13.2 m away from the Extracting/Injection well. The Auxiliary well design and the geological log are shown in Figure 11 . For the Auxiliary well construction the same method employed in the drilling of the Production/Injection well was used. Thus, to avoid loss of drilling fluid and borehole fragment falls, a large diameter (φ = 24") drill bit was used down to 5 m and the extent of the borehole was secured by iron rings welded one after the other. After completing this path, the drilling progressed with a bit of 17" in diameter down to the depth of 13.66 m, and a steel pipe of φ = 15" and thickness of 1/8" was inserted into the borehole. The empty space was filled with cement grout. Thus, the entire geological section, where the phreatic aquifer occurs (beginning at 7.8 m depth of the water table down to 13.66 m that was the maximum depth of the soil at this site, has been completely isolated, preventing the mixing of phreatic and confined aquifer waters.
The drilling continued down to 64.26 m depth, in the Tertiary sediments of Tremembé formation, using a bit of φ = 10". After a trial to perform the hydraulic characteristics of the sedimentary aquifer, a collapse of this sedimentary layer occurred. Thus, a reopening of the borehole with φ = 14" rotating drill bit was performed down to 18.1 m depth.
From 0.67 m above the ground surface down to 19.1 m depth, a steel pipe with φ = 10" and 1/4" thickness was introduced. At 18.1 m deep, a holding tab (φ = 14") was welded to hold the 10" internal pipes.
The drilling continued to 91.3 m depth and the extent between 47.7 m to 64.63 m was protected with PVC pipes (φ = 8"), and the interval between 51.03 m to 91.03 m with pipes and screens (PVC, φ = 6"). The opening of screen slots was 0.75 mm and filter pack of 1 to 5 mm.
DINIZ, H. N.; SANTORO, J.; BATISTA, G. T.; DIAS, N. W.; TARGA, M. dos S. Hydrogeology and hydrodynamics of Tremembé aquifer, São Paulo, Brazil. Ambi-Agua, Taubaté, v. 3, n. 1, p. 108-137, 2008 . Figure 11 . Agrarian Sciences Department of Taubaté University Auxiliary well design and geologic log.
Geological characteristics
The dominant soil type in the Una river hydrographic basin is the red yellow latosol (argisol) with thickness varying from 10 m in the floodplains up to 20 m in the hill tops. The soil profile is composed of fine to coarse sand from the surface down to 1 m; by sandy clay loam from 1 to 2m; and by fine to coarse sand from 2 m to the maximum soil depth. In the Production/Injection well the latosol extended down to 16 m depth.
Underneath the soil, the Taubaté basin Tertiary sediments occur until, at least, the depth of Production/Injection well (115 m). It is characterized by a succession of Tertiary layers formed by river and lake depositions during a semi-arid climate. The layers are comprised of shale, argillaceous limestone, calcareous and quartzitic sandstone, and conglomerate ( Figures  10 and 11) .
In the Production/Injection well, from 16 to 57 m depth, horizontal layers of Tremembé Formation Tertiary sandstones (Taubaté Group) predominantly occurs, formed during a fluvial depositional environment. Between 57 m to 115 m, deposits of clayey shale dominate. However, they are intercalated with quartzitic micaceous sandstone and argillaceous shale formed in depositional environment originated from lakes with a lot of submerged animal and plant life. This explains the black organic matter found in the argillaceous shale layers.
Hydrogeologic characterization
During the Production/Injection well construction, an initial pump test was conducted at the depth of 48 m (Figure 12 ). The pump test data showed that the aquifer was leaky according to Hantush (1956) and was supplied from the aquitarde storage, an argillaceous sandstone layer located at a high aquifer level, and there was dynamic water level stabilization with 1.028 m 3 /h pumping rate. Measured transmissivity was 0.58 m 2 /h. A second pump test was conducted when the borehole was at 66 m ( Figure 13 ). This pump test had the purpose of checking possible hydrogeological variations given that the water level rose while the perforation went from 48 m to 66 m, what indicates a clear change in aquifer behavior. The field drawdown data indicated that the aquifer changed its behavior, from leaky to delayed gravity response (Neuman, 1972) , but the value of transmissivity did not change (0.58 m 2 /h). The drawdown above was calculated as described: r = 14"/2 = 7" = 0.18 m; and t = 2 years = 2 × 365 days × 24 hours/day = 17520 hours. 
( )
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Advanced hydrogeological characterization
After completion of the Production/Injection and Auxiliary wells, several pump tests were conducted in July and August, 2007. Interpretation of a pump test in the Production/Injection well with constant discharge rate of 36 m 3 /h and measurement of dynamic water level in the Production/Injection well is shown in Figure 15 . Figure 16 shows the drawdown at the Auxiliary well. Taubaté, v. 3, n. 1, p. 108-137, 2008. (doi:10 .4136/ambi-agua.46) 
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According to the theory of image well water-mirror (horizontal plane mirror), as described in section 2.1 (Figure 6 ), the interpretation model that applies to the recovery data can also be used for the drawdown data, and therefore, Theis curve type (Theis, 1935) Other pump tests were conducted in the Auxiliary well with 84 m 3 /h discharge rate and drawdown data measured in both in the pumped well ( Figure 19 ) and in the Production/Injection well (observation well, Figure 20 ). Ambi-Agua, Taubaté, v. 3, n. 1, p. 108-137, 2008.  (doi:10.4136/ambi-agua.46) 
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The recovery data in the Auxiliary well (pumped well) test are shown in Figure 21 and in the Production/Injection well (observation well) are shown in Figure 22 . Ambi-Agua, Taubaté, v. 3, n. 1, p. 108-137, 2008.  (doi:10.4136/ambi-agua.46) 
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The interpretation of pump tests data with discharge rate of 84 m 3 /h in the Auxiliary well, indicated 9.8 m 2 /h for the average transmissivity and 0.0025 for the average coefficient of storage.
The higher values found for both transmissivity and storage coefficient for a higher discharge rate demonstrate that when groundwater extraction increases other aquifer layers contribute to discharge rate, because the Tremembé Aquifer is confined with multi-layers (sandstone layers intercalated with argillaceous shale).
Artificial recharge tests
After the pump tests in the Production/Injection well and Auxiliary well were conducted on July 26, 2007, a recharge test in the Auxiliary well, with ascent water level (water injection) and drawdown (water injection stopped) was performed in both recharge wells, Auxiliary well and Production/Injection well.
The recharge test was conducted by pumping water from a container of 15.4 m 3 that was filled with water previously extracted from the well at 27 m 3 /h recharge rate for 30 minutes ( Figure 23 ).
According to the theory of image well shown in Figure 7 (section 2.1), during water injection (recharge rate = -Q) in a tubular deep well, the water level acts as a positive barrier and the increasing cone of the recharge water is equal to the cone of depression (discharge rate = Q) as an image reflected in a water-table mirror (horizontal mirror plane). Thus, for rise level data or drawdown after the water recharge stopped, the Theis model can be used for hydrodynamics' parameter determination when the aquifer is confined.
Data from rising water level observed in the Production/Injection well, with water injection in the Auxiliary well, are shown in Figure 24 . And the drawdown data in the Production/Injection well, after the water injection stopped, are shown in Figure 25 . Hydrodynamic parameters obtained during artificial recharge tests in the Tremembé Aquifer in the Department of Agrarian Sciences, University of Taubaté, are quite consistent with those obtained by pump tests. DINIZ, H. N.; SANTORO, J.; BATISTA, G. T.; DIAS, N. W.; TARGA, M. dos S. Hydrogeology and hydrodynamics of Tremembé aquifer, São Paulo, Brazil. Ambi-Agua, Taubaté, v. 3, n. 1, p. 108-137, 2008 . 
In the Taubaté region rarely occurs 24 hour rains with intensities greater than 60 mm. Therefore, with 60 m 3 /h flow rate, all water can be infiltrated by gravity in a single well, this corresponds to the water collected in a roof area of 24,000 m 2 (60 m 3 /h × 24 h/0,006 m = 24,000 m 2 ). Thus, a well drilled in the region is quite effective for the injection of water captured in 24,000 m 2 roofs for artificial recharge of aquifers.
Wells interference
After pump and recharge tests in the Production/Injection and Auxiliary wells, various tests for measuring interference between the wells were performed on August 8, 2007 (Figures 26, 27, 28 and 29) . The procedure for the interference tests was: pumping begun simultaneously in both wells (Production/Injection and Auxiliary) with maximum flow rate lower than the maximum discharge rate of individual well pump tests and limited by equipment power loss due to interference; and pumping stopped in both wells at the same time to begin the recovery tests in both wells. 
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The radius of influence found for the Production/Injection well pump test (Figure 16 ) with the obtained hydrodynamic parameters (7.89 m 2 /h for transmissivity and 0.00036 for coefficient of storage) without interference between wells, and for the time duration of the pumping (13 hours) with 36 m 3 /h constant discharge rate, is approximately 800 m. The interference test results of the Production/Injection well drawdown (Figure 26) show that 13.14 m 3 /h of the total discharge rate of the Production/Injection well pump test, without interference between the wells (36 m 3 /h), comes from a radial area equal to the distance between the Production/Injection and Auxiliary wells (13.2 m). The withdraw flow rate in that area corresponded to 36.5% of the discharge rate of the Production/Injection well pump test without interference (36 m 3 /h). Considering the recovery data obtained in the Production/Injection well during the interference test (Figure 27 ), the reinstated flow rate in the area of 13.17 m 3 /h represents 37.8% of the Production/Injection well reinstated flow rate without interference (36 m 3 /h) as shown in Figure 18 . 
CONCLUSIONS
The two wells drilled within the property of the Department of Agrarian Sciences, University of Taubaté, allowed improving the current geological and hydrogeological knowledge about Tremembé Formation (Taubaté Group).
Analysis of sedimentary layer samples collected during well drilling allowed characterizing Tremembé Formation lithology, stratigraphy, and paleontology. Several pump tests were conducted to verify the hydrogeological evolution in different depths of the sedimentary layers.
Tremembé Formation samples obtained at the depth between 16 m and 18 m showed the presence of red-yellow latosol soils that contained the phreatic aquifer and around 9 m the water table was observed. It was found between 18 m and 48 m a succession of sandstone and conglomerate layers formed by Tremembé Formation Tertiary sediments. These layers constitute a leaky aquifer due to the intercalation of shale argillaceous layers and associated slow vertical leakage. Predominantly sandstone and conglomerate layers were observed between 48 m and 66 m that, associated with upper layers water contribution, form an unconfined aquifer with delayed response with transmissivity around 0.6 m 2 /h and water level located 8 m deep.
From 66 m depth towards the end of the Production/Injection well drilling (at 115 m) a succession of sandstone, conglomerate, shale, argillaceous shale, mudstone, and dolomite layers occurs. These layers constitute a confined aquifer with an 8 m water level depth, and around 8 m 2 /h transmissivity, and 1 x 10 -4 coefficient of storage. With these hydrodynamic characteristics this well can provide discharge rates up to 150 m 3 /h. The construction of an Auxiliary well located at 13.2 m from the Production/Injection well enabled several pumping tests with drawdown and recovery measurements in both, the pumping and observation wells.
The interpretation of pump tests (drawdown and recovery), as well as recharge tests, were developed by applying the theory of image well water-mirror (horizontal mirror) that can be applied in two situations: a) In the analysis of pumping test results, where the recovery × time data (real well) are considered similar to the drawdown × time (virtual well -image well water-mirror), due to the similarity between the cones of depression and ascension. When the tested aquifer is classified as confined, the Theis method could be applied to obtain the hydrodynamic parameters associated with drawdown and recovery behavior. b) During pumping tests, the theory of image well water-mirror enabled to determine that well recovery is associated with the average (weighted by the time factor) of the pumping flow rates, so that recovery × time is more accurate for determining the aquifer hydrodynamic parameters than the drawdown × time because the recovery flow rate is always constant.
The application of image well water-mirror theory showed that the water injected by artificial recharge also have a similar cone of depression behavior. A flow rate Q (for a drawdown h) can be extracted and the same flow rate Q (for a rise h) injected in a well if water extravasation does not occur, which is limited by the recharge dynamic level when it reaches the well head.
The contribution of the aquifer circular area, between interfering wells, in the discharge rate of a well was determined by multiplying the aquifer transmissivity and the interference DINIZ, H. N.; SANTORO, J.; BATISTA, G. T.; DIAS, N. W.; TARGA, M. dos S. Hydrogeology and hydrodynamics of Tremembé aquifer, São Paulo, Brazil. Ambi-Agua, Taubaté, v. 3, n. 1, p. 108-137, 2008. (doi:10 .4136/ambi-agua.46) 136 flow rate. The discharge rate of a well without interference was determined by multiplying the apparent transmissivity and the discharge rate without interference.
